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Summary 

The essential results of a comprehensive review of existing unsteady turbu- 
lent boundary-layer experiments are presented. Different types of unsteady 
flow facilities are described, and the related unsteady turbulent boundary- 
layer experiments are cataloged and discussed. The measurements that have 
been obtained in the various experiments are described, and a complete list 
of experimental results is presented. All the experiments that measured 
instantaneous values of velocity, turbulence intensity, or turbulent shear 
stress are identified, and the availability of digital data is Indicated. 

The results of the experiments are analyzed, and several significant trends 
are identified. An assessment of the available data is presented, delineat- 
ing gaps in the existing data, and indicating where new or extended informa- 
tion is needed. Guidelines for future experiments are presented. 


Introduction 

During the past few years, there has been a significant increase in the 
level of effort directed toward the analysis of unsteady turbulent boundary 
layers. A wide range of theoretical methods have proliferated during this 
period, while the existing experimental data base has been meager, scattered, 
and disparate. Several experimental programs are presently under way to 
produce further experimental data for use in comparison to theory, but the 
data base is still widely dispersed. 

Since such a wide range of experimental data exists without a strong common 
pattern, there is an increasing need for central documentation of the vari- 
ous results. In this way, the various research efforts would he more readily 
available, and comparison of the results can be facilitated. Several work- 
shops on unsteady turbulent boundary-layer experimental research have been 
organized by the present author. During these workshops, it has become 
increasingly clear that a careful review of the existing data, as well as a 
documentation of the current experimental programs in a single source, would 
be of great value to future endeavors in this area. 
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To satisfy this need, an AGAROograph has been prepared which catalogs all 
the pertinent sources, ouch of the relevant data, and indications of future 
studies. A comprehensive international literature search has been performed, 
identifying those groups who have actually published work in the subject 
area, as well as disclosing sources that have valuable but unpublished data 
appropriate to the present subject. Selected research personnel in the 
United States and several European countries have been visited to discuss 
and obtain pertinent data sets and descriptions of experiments. The data 
from these various sources are now cataloged and prepared in a form appro- 
priate for general distribution and analysis; more than 40 pertinent experi- 
ments are reviewed. 

In the present paper, highlights from the AGAROograph are presented, includ- 
ing description of both past and present experimental programs. The types 
of experimental data that are available are dlsc.issed, and experimentally 
observed characteristics of unsteady turbulent boundary layers are assessed. 
Guidelines foi' future experiments are presented. 

Types of Experimeital Facilities 

The procedure for experimentally modeling an unsteady viscous flow problem 
in a laboratory is always a difficult task. In ^act, the ingenuity that has 
been demonstrated by the various experimentalists is quite Impresnive. A 
brief review of some examples of tunnel design will indicate the range of 
techniques that have been employed. The first type of facility, shown in 
Fig. 1, was used by Karlsson (1958) for his pioneering experiment studying 
the response of an unsteady turbulent boundary layer on a flat plate. The 
basic facility is an open-return wind tunnel; the flow oscillation is pro- 
duced by a set of rotating vanes installed near the exit of the tunnel. As 
these vanes rotate, they produce a variable blockage that causes the tunnel 
flow to pulsate. Variations of this technique have included CDntrolled- 
speed vanes installed upstream of the test section (Simpson et al., 1978), 
a slotted cylinder at the tunnel exit (Acharya and Reynolds, 1975), a rotat- 
ing butterfly valve at the exit (Cousteix et al., 1977), and several others. 
The technique of variable blockage has also been used in unsteady pipe flow 
by Schultz-Grunow (1940), Ramaprian and Tu (1980), Mizushina et al. (1973), 
Lu et al. (1973), and others; it remains one of the most common of the 
experimental techniques for creating pulsation in the free-stream flow. 
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Some other, more esoteric techniques are also of Interest. One successful 
approach Incorporates the tunnel wall as a part of the oscillation mecha- 
nism. Brembatl U975) Installed a flexible section in the celling of an 
open-return wind tunnel (Fig. 2), and sinusoidally oscillated this movable 
celling, thus producing a combination of variable free-stream velocity and 
adverse pressure gradient. The technique used by Patel (1977), Kenlson 
(1977), and Pericleous (1977) in their studies incorporates the tunnel 
structure in still another way. In this case, as shown in Fig. 3, the flow 
from the contraction section of the tunnel enters a partially open test sec- 
tion. The ceiling and floor of the test section are removed; the upper and 
lower surfaces of the entrance section of the tunnel are continued into the 
test section, and are carefully constructed to permit smooth deflection of 
these surfaces as flaps. These f'aps are sinusoidally oscillated in pitch; 
they induce a series of trave vortices which move down the test section, 
creating an oscillatory perturbation velocity on the test section. 

Still another technique for producing an unsteady flow ha; been devised by 
Parikh et al. (1981). In this case (Fig. 4), the entrance flow is main- 
tained at a constant value by holding the total mass-flow rate constant and 
an oscillating flow with varying magnitude of adverse pressure gradient is 
produced in the test section by removing fluid from the wall opposite the 
test surface in a programmed manner. The tunnel surface opposite the test 
surface is partitioned into two porous sections, one directly below the test 
surface, the other downstream. A slotted plate controls the amount of fluid 
drained from each section. As the plate moves back and forth, varying 
amounts of fluid exit from the tunnel through the forward or aft sections 
of the porous surface, while the total fluid flow remains constant through 
the cycle. 

These are only a few examples of the techniques used to produce oscillatory 
flow in the laboratory. The interested reader is referred to the AGARDograph 
(Carr, 1981) for descriptions of the many other facilities that have been 
devised. These techniques demonstrate the novelty of the various designs; 
they also show that the generation of unsteady flows in the laboratory is a 
very difficult and complex task. Each of the facilities discussed has both 
benefits and limitations; no one design Is clearly tetter than the others. 

It is important to realize that results obtained in facilities having such 
diverse design and performance characteristics as thene should be compared 
with special care. 
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Types of Flows Reviewed 

Each engineering application has had Its own set of requirements. For 
example, the Information needed for Che analysis of an unsteady heat-transfer 
problem Is significantly different from the Information needed for accurate 
prediction of dynamic stall. The design of a fluidic device depends on 
parameters much different from those required for design of a compressor 
blade. Thus, eac!i of these engineering applications has placed a strict 
limitation on the type of flow result that was sought. The basic fluid 
mechanics common to all of these problems has always been of interest. How- 
ever, parametric variation of flow conditions has not been possible in most 
of the facilities. Instead, many of these experiments have been exploratory 
in nature, attempting to identify potential areas of interest rather than 
studying Che behavior of the unsteady turbulent boundary- layer itself. No 
single experiment has been able to study all the parameters that are neces- 
sary to define Che behavior of unsteady turbulent boundary layers. 

Thus, there are gaps in the existing data, even Chough many types of flows 
have been studied. The many laminar, transitional, and tu.'bulent unsteady 
flow experiments that have been performed are fully referenced In Che 
ACARDograph. Only the unsteady turbulent boundary- layer experiments will 
be discussed here. These include flat plate flows, with and without pres- 
sure gradient, two-dimensional channel, pipe, diffuser, airfoil, and com- 
pressor blade flows. Jet and wake flows have not been included since the 
survey was limited to viscous flows in contact with a solid boundary. 

The existing turbulent boundary-layer experiments have been summarized in 
Fig. 5. Note that certain authors' names are presented in bold type — these 
experiments are documented in Carr (1981), and contain instantaneous mea- 
surements of the unsteady turbulent boundary- layer characteristics. The 
light-faced type denotes experiments of general interest, but without instan- 
taneous data. In Fig. 6, pipe, airfoil, and cascade experiments are pre- 
sented, as well as a list of new experiments from which results have not yet 
been acquired by the present author. 

The data for the experiments that have been Included in the ACARDograph are 
presented in the form supplied by the original author whenever possible; no 
smoothing or modification of the data has been performed. Although every 
effort has been made to ensure a complete list of available experiments. 
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particularly those with Instantaneous ensemble-averaged data, there certainly 
are experiments that have not been discussed or were overlooked conqi>letely. 
These omissions were definitely not intentional. Please send documentation 
of these experiments to the present author for inclusion in the data bank 
and catalog. Figure 7 shows the format used to dociment the various experi- 
ments presented in the AGARDograph. The information Indicated in this figure 
is recomnended as a minimum level of documentation that should be recorded 
for any future unsteady turbulent boundary-layer experiment. 

Data Acquisition and Analysis 

The acquisition of data for an unsteady turbulent boundary layer can be a 
formidable task. For example, the velocity in an unsteady turbulent boundary 
layer can be measured in a variety of ways: electrochemically (Hizushina 

et al., 1973): by use of a micropropeller (Jonnson and Carlsen, 1976); hot 
wire anemometers (Cousteix et al., 1977); single-beam lasers (Reynolds et al., 
1981); dual-beam lasers (Simpson et al., 1980); as well as other techniques. 
The unsteady velocity signal is a combination of mean, periodic, and random 
fluctuations of varying magnitude, and extraction of the pertinent components 
requires varying levels of sophistication. Since the various experiments 
have differing goals, data analysis techniques vary as well. As shown in 
Fig. 8, there are several levels of sophistication which can be employed for 
analysis of the resultant signal. The least difficult ~ the time-averaged 
mean velocity - can be obtained by performing a digital or analog long-time 
average of the turbulent velocity signal. This approach is also used to 
obtain the RMS value for the turbulence Intensity. The next level of sophis- 
tication is the measurement of the periodic component of velocity. There 
are several ways this information can be obtained, including cross-correlation 
of the turbulent velocity signal with a sine wave having a frequency equal to 
the driving frequency. Another approach is to Fourier transform or harmoni- 
cally analyse the unsteady turbulent signal and extract the Fourier coeffi- 
cients associated with the fundamental and higher harmonics of the oscilla- 
tion. If even more Information is desired about the flow, a phase-averaging 
device can be used which samples the turbulent signal at fixed phases in 
each cycle, storing the value of the signal at each specified phase and 
retaining the summed signal either by analog or digital means. Each of 
these methods can produce an output containing the amplitude and phase of 
the first harmonic response of the boundary layer to the imposed oscillation. 
In addition, the phase-averaged signal contains detailed information about 
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the time history of the velocity signel during s cycle. This Information 
can be of great value when complex flow phenomena are being studied, because 
all the harmonic content of the original signal potentially can be retained. 

The existing turbulent boundary-layer experiments have been classified In 
Figs. 9 and 10, based on these different levels of analysis: time-averaged 

mean (level I), periodic amplitude and phase (level II), single-component 
ensemble-average (level III), and dual-component ensemble- or phase-average 
(level IV). In these figures, bold type indicates data recorded by the 
originating author; light type denotes information that can be reconstructed 
from data presented in the supporting documents (e.g. , Tomsho (1978) supplied 
ensemble-averaged data for velocity; time-averaged mean data can then be 
reconstructed from this information). 

Evaluation of Experimental Results 

As noted earlier, over 40 unsteady turbulent boundary-layer experiments have 
been identified. This quantity precludes individual analysis in the present 
paper. However, the large number of experiments cffers a unique opportunity 
for comparison of results. In particular, several significant observations 
can be made. 

T ime-Mean Averages : For all the flows examined, the experiments demonstrate 

that the time-averaged mean velocity, U(y), is the same as the value expected 
for a steady flow having a velocity corresponding to the mean of the oscilla- 
tory outer flow, 0|||(y) • This has been observed t'n a flat plate by Karlsson 
(1958), where U(y) was demonstrated to be the same as over a wide 

range of frequencies and amplitudes. At the other end of the range of experi- 
mental complexity, U(y) on a stator blade in a Jet engine compressor was dem- 
onstrated by Evans (1978) to be the same as the steady U^(y) (Fig* H)* 

There are certainly conditions and situations where the fact that the U(y) 

of the unsteady flow is the same as the U (y) from steady flow is of signif- 

m 

leant value — unsteady heat transfer, mean diffuser behavior ~ situations 
where only the mean performance characteristics are needed for analysis of 
the problem. However, this equivalence, as significant as it is, can be very 
misleading if the purpose of the research is to identify the fluid mechanics 
of the unsteady i^ow field in question. A good example is Karlsson's exper- 
iment Itself, where he observed regions of reversed flow on the flat plate. 
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even though U(y) was the sane as U (y). Evans (1978) demonpt rates that 

• ID 

even though U(y) la the sam'} as V^(y)* assumption can be made about the 

unsteadiness of the flow Itself. In his experiments, the flow changed from 

laminar to turbulent through the cycle (Fig. 12) . This change was completely 

masked by the time-averaging process (see Fig. 11). Another example, the 

diffuser study by Schachenmann (1974), showed the time averages to be the 

same for conditions In the boundary layer which varied dramatically with 

frequency. (The periodic velocity fluctuation in the boundary layer varied 

from 1 to lOOZ of the oscillation magnitude at the center of the diffuser, 

while the mean velocity in the boundary layer remained the same.) Thus, the 

observation that U(y) Is the same as U (y) has merit, but should not be 

m 

used as a basis for describing the dynamics of the flow field itself. 

Turbulence Structure ; A variety of experiments have been performed to study 
the turbulence intensity in unsteady turbulent flow. Several of these show 
the turbulence structure unaffected by oscillation of the flow field. A 
study by Cousteix et al. (1977) demonstrates this conclusion. Figure 33 
presents the measured turbulence intensity and Reynolds shear stress at vari- 
ous parts of a cycle of oscillation. Note that even though significant vari- 
ations appear in these quantities, the ratio of the shear stress to its com- 
ponent turbulence intensities remains constant at a value equivalent to that 
of steady flow (Fig. 14). Thus, under certain conditions, steady flow tur- 
bulence models can be used to predict unsteady turbulent boundary-layer 
behavior. Indeed, several experiments have been accurately represented by 
conventional numerical techniques. These include Lu et al. (1973) for flow 
in a pipe, Johnson and Carlsen (1976) for purely oscillatory flow, Cousteix 
and his colleagues (1977, 1979) for both zero- and adverse-pressure gradient 
flows on a flat plate, and Parikh et al. (1981) for a time-varying adverse 
pressure gradient (predicted by Lyrlo et al., 1981). 

However, there are cases where substantial changes in the turbulence inten- 
sity can occur. As the frequency of oscillation is increased, a critical 
frequency can be reached at which there can be a significant interaction 
between the oscillatory motion and the turbulent structure. An example of 
this can be seen in work done by Mizushina et al. (1973) for fully developed 
flow in a pipe. For frequencies below this critical frequency, the ensemble- 
averaged turbulence intensity is very similar to the turbulence intensity 
that would appear at that particular point in the cycle for the corresponding 
steady velocity (Fig. IS). However, if the frequency of oscillation is 
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locreasad beyond a critical frequency,' the eituatlon is oignlficaatly 
altered. !i^ turhulmce iatMsity no Imger has a pattetra aimtlar to tiiat 
which would he associated with the steady flow (Fig. IS) and oignlfleaat 
variations ^pear in the velocity dietrihutiim obtain^ inns onaMibla* 
averaging (Fig. 16). Miauahina at al. detemiaed tlukt the behavior was 
associated with a critical frequency related to turbulent bursts in the 
flow; this kind of behavior was also observed by Ramaprian and Tu (1980) . 
This result is very iaqiortant for those who wish to nodel turbulent unsteady 
flows. vn>en these interactions occur, they can significantly change the 
structure of the turbuloice, seriouely coaqiroodsing the validity of the 
nodel that is being used to predict the flow behavior. 

Strona Interaction Effects ; In many of the experiments that have been 
reviewed, imsteady viscous effects were present but did not cause any sig- 
nificant variation in the overall bdiavior of tlw flow field. However, wtoi 
turbulent bounlary layers near separation are exposed to oscillation, the 
situation can be draiwtically altered. Under these ctmditioas, significant 
global changes can occur in the boundary layer, resulting in isajor altera- 
tion of the shape factor and displacement thickness. A good exas^le of this 
phenomenon is shown in Fig. 17, from Houdevllle et al. (1976). Here the 
adverse pressure gradlmt has combined with oscillation to produce clearly 
defined changes in the evolution of displacement thickness. This variation 
in displacement thickness will be quite Important if prediction of the 
coupled viscid-inviscid interaction is attrapted. 

Unsteady Flow Hear the Wall : When an oscillating external velocity is 
imposed on a viscous flow, the flow near the tmll responds quite readily to 
this unsteadiness. In many of the experiments that have beqn performed, the 
unsteady viscous reaction to the imposed flow variations is conqiletely con- 
flued to the Stokes layer near the wall; the outer region of the boundary 
layer behaves as if it were "frosen." This is both a benefit and a problm. 
If the goal of the research is to predict the global flow behavior of an 
unsteady flow with well-defined Initial and boundary conditions, the Stokes 
layer region can often be virtually ignored withmit serious detriment to the 
accuracy of the prediction (Lyrio et al., 1981). 
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toimvar» thara la a class of problaaa that iapanda atcoagly os eto ehtSMCar 
of tho Seokas layer, to aaoy sltuaeions, ao data otter ctea mil atear 
Btraaa md praaoura diatrlbutioos can be n a aaurad. In ttesa cacao, ^radlc- 
tion of the boundery- layer behavior will directly depeod on the ability to 
ralata the mil el^r atrma to tdw flow in the cmtral region of tiw bomd- 
ary layer. The experinental atudlaa that have enphaelsod study of the wall 
region show najor phase changes near the mil (e.g., SJwpaon at al., 19S0t 
Binder and Kueny, 1981). These neasuranents are extrenely difficult to per- 
form, and the results are limited. However, they clearly dmimstrate that 
the flow behavior near the wall can vary dramatically during oscillation. 

Thus, future research should emphasize the near-wall region of unsteady 
turbulent bounlary layers, matching the unsteady mil ahear and Stotea layer 
behavior with the boumlary-layer bteavior chat occurs amy from the mil. 

Amplitude and Frequency Effect ; Low emplltudr or low frequmey does not 
necessarily mean quesisteady b^iavlor. The values of aiq>licude and frequmey 
used in selected eiqterlnents are shown In Pig. 18. Iliere its obviously a wide 
range of values that can result In unsteady effects. It Is quite probable 
Chat no single dimensionless factor can be chosen to represent all the effects 
of unsteadiness: there are different time scales for the mil region coi^ 

pared to the outer flow; the eddy structure changes rapidly in adverse pres- 
sure gradient: Che flow responds to temporal variation in velocity differ- 
ently Chan It does to spatial variations. In addition, many e:qierlaisnts 
contribute only a single point to Fig. 16. Various dimensionless parameters 
have been suggested (e.g. , Strouhal ember based on x, 6, 6*, L, etc.). 

results for onu of these, 8^ - f6/U, are shown in Fig. 19 for the same 
set of experiments as presented in Fig. 18 (S^ is based m local velocity 
and boundary-layer thickness). The shaded region shows Chet there is a 
small range of amplitude end frequency for which no unsteady effects have 
been reported. As the frequency or the amlitude Increases, unsteady effects 
appear in the outer region of the boundary layer, especially for adverse 
preesure gradient flom. Bote chat the data fror> the Parlkb et al. (1981) 
experimme show outwr flow effects for the low range of Sj, but only inner- 
layer variation at high Sj. 
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Aaothar putamtmt that has ban cnaldarad aigBlflcaat for dstamlaiag tho 
paosibllity of nstoody offsets is tho burst frs^ney. This burst fro- 
qusney (P^ has boos davol^sd from steady flou (Offn sad Rliuo* 1973; Bso 
at si., 1971), and acts os an indicator of tho frequency at tdiich the turbu- 
lent eddy structure will respond to external forcing function. This value 
is dofinod sa ■ 0/56 for s fist plate; it 1.S8 bmn nodified in tho proo- 
nt report to reflect changes in structure due to adverse pressure gradient 
(local values are used for U and d, as measured at th« downstream end of 
the test surface of the related experiments). Figure 20 presents tto tested 
frequencies for sne existing eiqterinnts c<»^red to the corresponding 
burst frequencies. 

bote that the aero pressure gradient flows show unsteady effects only near 
the wall (with the exception of Hiaushina et al., 1973). Acharya and 
Reynolds (1975) fmuid sublayer effects when oscillating at the burst fre- 
quency, but not at 601 F),. On the ocher hand, Karlsson (1958) found the 
largest phase change to occur in the sublayer for frequencies less than 403 
of F|^; Raisaprian and Tu (1960) found significant effects at only 272 of F|^; 
Hiaushina at al. (1973) found a major change occurred across Che full pipe 
flow for F^^^^ less than 202 of F^. 

The adverse pressure gradient flows, even when related to a corrected burst 
frequency, all show unsteady effects for frequencies well below the burst 
frequency: Cousteix et al. (1979) at 282 F},, Parikh et al. (1981) at 122 

F|,, Simpson et al. (1980) at 62 F|,. Thus, for most of the experiments that 
have been reported, the unsteady effects have occurred at frequencies sig- 
nificantly lower chan the burst frequency of the boui^ary- layer structure. 
Tills result is true whether in air or water, channel or boundary layer, zero 
or adverse pressure gradient. Again, the shaded region shows that there is 
only a relatively small range of oscillation amplitude and frequency for 
which unsteady effects are not detected. 

Ispertance of Initial Conditions ; Most of the unsteady turbulent boundary- 
layer experiments chat have been perforawd suffer from a lack of sufficient 
data to accurately determine the flow development along the surface being 
studied. Experiments in unsteady transi! von sluw oiajor effects of oscilla- 
tion OR the develoiMsent of the resultant turbulent botmdury layer. However, 
in many of the recorded unsteady turbulent boundary-layer experiments, 
measurasmnts were made at only one x location; in others no trip w«s used 
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at tlia start of cho tost aurfoca. tflthout data noaourod at otbor x ato~ 
tiona* tiM took of isolating local unstsody visc«is offsets from upstrsMs 
history is vary difficult* if sot iovossible. Thorofors* future axporisMots 
rtiould docunmt ths chsrsctsr of ths flow st ssvsrsl ststi<ms. This rm|oira« 
■snt should also bs applied to supposedly **fully developed** flows such ss 
those in pipes; without such docuBwatstion, the true contribution of the 
unsteady viscous effects cannot be isolated. 

Coocludins Benarks aud Beconneodations 

1. Existing experinents on uistcMdy turbulent boundary layers have been 
reviewed and docisnented. These Include flat plate, diffuser, pipe, airfoil, 
and caecade flows; 27 experiownts containing instantaneous data and 12 more 
containing tine-'averaged data have been identified. 

2. The experinents that provide instantaneous boundary-layer measureoents 
are described in detail in an ACABDograpb (Carr, 1961). This ACARDograph 
contains all the digital data presently available for these experiawnts. 
However, many of the experimental results no longer exist in digital fern. 

3. There ere certain trwads which can be detemioed based on the existing 
experinents. 

(a) The time-averaged mean velocity profile is alm>st alwoys the smw 
as the velocity profile that wtntld Ov*cur in a steady flow having an equiva- 
lent mean external flow velocity. However, even though these man profiles 
are the same, there msy be strong local unsteady viscous flow effects presetit. 

(b) In many cases, the turbulent structure in the oscillating flow is 
not changed from the equivalent steady-atate counterpart. 

(c) The unsteady effects are often confined to a thin layer near the 
wall, idiile the outer region of the boundary layer is not strongly affected. 

(d) Several experiments have been accurately predicted using conven- 
tional turbulence models. 

(e) Uhen existing data are plotted using the disienaionless freouency, 

S^, quasisteody results occur for only a small range of ao^litude or 
frequency. 

(f) Unsteady effects occur even when the imposed oscillation frequency 
is significantly lower than the local turbulence burst frequency, especially 
in adverse pressure gradient flow. 
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4. The foUoirlfig recoaneBdatioae are offei^t 

(a) Any future enperiimnta studying tmatsi^y turbulmt boaodaipr-layer 
behavior ^ould docunent the results in digital form, using the format out- 
lined in the presMit paper. 

(b) D(M:«mmtatlon of the initial condition of the boimdary layer at 
upstream stations Is required. This information may be as important as the 
results obtained at the nominal test position, even for *'fully developed" 
flows. Unless Information about the character of the flow at these earlier 
stations is recorded, the effects of ^steadiness are very difficult to sep- 
arate from the effects of upstream history. 

(c) Experimental studies of the flow near the trail in unsteady turbu- 
lent boundary layers must be emphasis^ since. In many applications, no 
information will be available except for the wall values. The ability ?of a 
technique to correlate these wall values with the rest of the boundary layer 
will be a major test of proposed computational schemes. 
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Fig. 10. Sumary of available unsteady turbulent boundary layer data — 
levels 111 and IV (Bold type Indicates data that are available directly from 
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